Chen X-M. Role of Krüppel-like factor 6 in transforming growth factor-␤1-induced epithelial-mesenchymal transition of proximal tubule cells.
diabetic nephropathy; interstitial fibrosis; transcription factor MOST CHRONIC NEPHROPATHIES share pathogenic mechanisms that contribute to disease progression, independent of the original cause or disease. Renal fibrosis represents a failed woundhealing process of renal tissue after chronic, sustained injury and is typically characterized by the remarkably consistent histopathological features of glomerulosclerosis, interstitial fibrosis, and tubular atrophy-implying a "final common pathway" of injury. This process is typically progressive and irreversible, with the degree of interstitial fibrosis appearing to be the most important predictor of the rate of progression of chronic kidney disease (CKD) (24) .
Given the urgent need for new therapeutic agents that directly address this process, the major intracellular signaling pathways involved in mediating this "final common pathway" have been the focus of intense research interest, in particular, the mechanisms whereby increased myofibroblast recruitment and activation in the interstitium leads to increased extracellular matrix (ECM) formation and ultimately CKD.
While resident renal fibroblasts are traditionally considered to be the principal mediators of fibrosis, convincing evidence now exists to suggest that the appearance of interstitial myofibroblasts is also critical, with myofibroblasts being more profibrotic than resident interstitial fibroblasts. In addition, the proximal tubular epithelial cell (PTC) also plays an important role in the deposition of ECM. Like myofibroblasts, PTCs are of mesenchymal origin and appear capable of reverting to a mesenchymal phenotype via a process known as epithelialmesenchymal transition (EMT) in response to certain physiological cues. Defined as a process whereby PTCs lose their epithelial phenotype and acquire new characteristics of mesenchyme, EMT is characterized by four pivotal steps that occur in a highly regulated fashion and is driven predominantly by the pleiotropic cytokine transforming growth factor (TGF)-␤1 (20, 34) . In essence, these PTCs appear capable of altering their morphology, expressing myofibroblastic markers, breaching the tubular basement membrane, and migrating into the interstitium, thus joining the pool of matrix-producing fibroblasts. It is suggested that EMT contributes up to one-third of the total interstitial fibroblast population (12, 35) , with disruption of the tubular basement membrane being a necessary step in facilitating the transition (3) .
While the process itself and the intracellular pathways regulating it, such as the TGF-␤1/Smad pathway, have been well described, less is known about the upstream signaling factors responsible for its initiation.
The transcription factor Krüppel-like factor 6 (KLF6) belongs to a 17-member family of DNA binding transcriptional regulators that play diverse roles during differentiation and development-capable of functioning as an activator of transcription, a repressor, or both. The list of cellular "target" genes of KLF6 includes collagen ␣1 (28), urokinase plasminogen activator (uPA) (16) , TGF-␤1, and type I and II TGF-␤1 receptors (15) . It also directly transactivates the E-cadherin promoter (6) . While most commonly described in terms of its role as a tumor suppressor gene (11, 13, 17, 23, 29) , KLF6 has also been shown to act as an immediate-early gene in in vivo models of hepatic fibrosis (15, 28, 31) and more recently was identified to be one of seven genes whose expression is upregulated Ͼ10-fold within the first few hours of renal ische-mia-reperfusion injury in mice, with the expression of TGF-␤1 mRNA and protein following a pattern similar to that of KLF6 both in vivo and in vitro (32) .
The present study aimed to establish the nature of total KLF6 expression in EMT occurring in vivo and in vitro and to specifically examine the role of KLF6 in EMT mediated by the proinflammatory cytokine TGF-␤1. The in vivo relevance of KLF6 was assessed in a model of diabetic nephropathy associated with overproduction of activated TGF-␤1 (14) and was subsequently confirmed in vitro.
MATERIALS AND METHODS
Cell culture. HK-2 cells, a human proximal tubule cell line from American Type Culture Collection (ATCC), were used in this study as previously described (27) . HK-2 cells were 10% subconfluent when seeded onto a six-well plate, and cells were maintained in medium containing TGF-␤1 (Sigma-Aldrich, St. Louis, MO) at a concentration of 0.5 ng/ml in 5 mmol/l D-glucose or 5 mmol/l D-glucose alone for 72 h. Medium was changed after 48 h to maintain TGF-␤1 levels in the desired range. The cellular adhesion molecule E-cadherin, which is responsible for maintaining structural integrity between cells, was selected as a marker to denote epithelial cell phenotype; the intermediate filament vimentin was chosen as a myofibroblast marker. RNA was extracted with the RNeasy mini kit (Qiagen, Valencia, CA), and E-cadherin and vimentin mRNA expression were measured by reverse transcription-PCR (RT-PCR) and KLF6 mRNA expression by realtime RT-PCR. The role of the KLF6 splice variant KLF6-SV1 has been well described in several cancer cell lines to antagonize wildtype KLF6, with the ratio between the two determining the net effect of KLF6. We investigated the role of KLF6-SV1 in HK-2 cells undergoing EMT while maintained in medium containing TGF-␤1 (Sigma-Aldrich) at a concentration of 0.5 ng/ml in 5 mmol/l D-glucose or 5 mmol/l D-glucose alone for 72 h. KLF6-SV1 mRNA expression was measured by both RT-PCR and real-time RT-PCR.
To determine the relevance of total KLF6 in a model of diabetic nephropathy, KLF6 expression was measured in HK-2 cells maintained in medium containing 5 or 30 mmol/l D-glucose or 30 mmol/l L-glucose for 11 days. Total KLF6 mRNA expression was measured by real-time RT-PCR. To determine the role of TGF-␤1 in highglucose-induced KLF6 mRNA expression, total KLF6 expression was measured in TGF-␤1-silenced HK-2 cells treated with or without 30 mmol/l D-glucose for 72 h. To determine this at a later time point (11 days), a TGF-␤ neutralizing antibody was used to treat the cells exposed to 30 mmol/l D-glucose for 11 days and then KLF6 mRNA was measured.
HK-2 cells were exposed to 30 mmol/l D-glucose for 4, 8, 15, 24, 48, and 72 h and 11 days. Total KLF6 and TGF-␤1 mRNA expression were measured by real-time RT-PCR.
KLF6 plasmid construction. KLF6 cDNA fragment was cloned into pCMV6-XL5 vector and was then sequenced to confirm that KLF6 cDNA had been cloned into the vector. Four micrograms of KLF6 plasmid was introduced into HK-2 cells with Lipofectamine 2000 according to manufacturer's instructions (Invitrogen). In parallel, cells were transfected with an empty pCMV6-XL5 vector containing nontargeting sequence that served as negative control. Cells were treated with or without 0.5 ng/ml TGF-␤1 for 72 h. RNA was extracted with the RNeasy Mini kit (Qiagen) to verify KLF6 gene expression levels and to measure E-cadherin and vimentin mRNA expression.
Gene silencing by small interfering RNA. Double-stranded RNA molecules (27-mer) were chemically synthesized (Ambion). The complementary oligonucleotides were 2Ј-deprotected, annealed, and purified by the manufacturer. The sequence specifically targeting human KLF6 (accession no. NM_001008490) was 5Ј-AAGCCAGGTGA-CAAGGGAAATGGCGAT-3Ј. Thirty nanomoles/liter of KLF6 small interfering RNA (siRNA) was introduced into HK-2 cells with Lipofectamine 2000 according to manufacturer's instructions (Invitrogen). In parallel, cells were transfected with 30 nmol/l of nonspecific siRNA, which served as the control data set. Cells were treated with or without 0.5 ng/ml TGF-␤1 for 72 h. The sequence specifically targeting human TGF-␤1 as previously described (27) was introduced into HK-2 cells with the method described above. Cells were then treated with or without 30 mmol/l D-glucose for 72 h. RNA was extracted with the RNeasy Mini kit (Qiagen) to verify KLF6 gene expression levels and to measure E-cadherin and vimentin mRNA expression.
Reverse transcription-polymerase chain reaction. Total RNA was extracted with the RNeasy Mini kit (Qiagen) according to manufacturer's instructions. RNA was then DNased, and RT-PCR was performed with SuperScript III One-Step RT-PCR System and Platinum Taq DNA polymerase (Invitrogen). Both water blank and non-reverse-transcribed RNA samples were used as negative controls. The number of amplification cycles in the semiquantitative PCR was determined from the linear portion of the PCR cycle, and amplification was performed with increasing numbers of cycles for KLF6, E-cadherin, vimentin, TGF-␤, and ␤-actin. Primers were designed to be suitable for both RT-PCR and real-time RT-PCR (SYBR Green) uses (Table 1) . Amplified products for KLF6, E-cadherin, vimentin, TGF-␤, and ␤-actin were electrophoresed through 1.5% (wt/vol) agarose gels and visualized by ethidium bromide staining. Bands were scanned with Gel Documentation (Bio-Rad) and quantitated by densitometry with Quantity One software (Bio-Rad). ␤-Actin was used as an internal control for sample normalization.
Real-time RT-PCR. Real-time PCR was performed with Brilliant SYBR Green Single-Step QRT-PCR Master Mix (Stratagene, La Jolla, CA) to assess transcript levels of KLF6. Both water blank and non-reverse-transcribed RNA samples were used as negative controls. Real-time quantitations were performed on the Bio-Rad iCycler iQ system. The fluorescence threshold value was calculated with iCycle iQ system software. The calculation of relative change in mRNA was performed with the delta-delta method (26) , with normalization for the housekeeping gene ␤-actin as described previously (22) .
In vivo studies in diabetic transgenic (mRen-2)27 rats. Eight-weekold female homozygous (mRen-2)27 rats (St. Vincent's Hospital Animal House) weighing 170 Ϯ 20 g were randomized to receive either 55 mg/kg of streptozotocin (STZ; Sigma, St Louis, MO) diluted in 0.1 M citrate buffer pH 4.5 or citrate buffer (nondiabetic) by tail vein injection after an overnight fast (9, 14) . Each week, rats were weighed and their blood glucose was determined with an AMES glucometer (Bayer Diagnostics, Melbourne, Australia), and only STZtreated animals with blood glucose Ͼ20 mmol/l were considered diabetic ( Tissue preparation and immunohistochemistry. Rats were anesthetized (Nembutal 60 mg/kg body wt ip, Boehringer-Ingelheim), and the abdominal aorta was cannulated with an 18-gauge needle. Perfusionexsanguination commenced at SBP of 180 -220 mmHg via the abdominal aorta with 0.1 M PBS pH 7.4 (20 -50 ml) to remove circulating blood, and the inferior vena cava adjacent to the renal vein was simultaneously severed, allowing free flow of the perfusate. After clearance of circulating blood, 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, was perfused for a further 5 min (100 -200 ml of fixative). Kidneys were then excised, decapsulated, sliced transversely, immersed in 4% paraformaldehyde in 0.1 M phosphate buffer for overnight fixation, and then paraffin embedded for subsequent light microscopic evaluation (14) .
Immunohistochemistry for KLF6, E-cadherin, and vimentin. In brief, 4-m sections were placed into Histosol to remove the paraffin wax, rehydrated in graded ethanol, and immersed into tap water (distilled H 2O) before being incubated for 20 min with normal swine serum diluted 1:10 with 0.1 mol/l PBS, pH 7.4. Sections were then incubated with rabbit anti-KLF6 (Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1:100, rabbit anti-E-cadherin (Santa Cruz Biotechnology) diluted 1:50, and rabbit anti-vimentin (Santa Cruz Biotechnology) diluted 1:100 with PBS overnight (18 h) at 4°C. The following day the sections were thoroughly washed in PBS (3 ϫ 5-min changes), incubated with 3% hydrogen peroxide for 10 min to block endogenous peroxide, and then rinsed with PBS (2 ϫ 5 min) and 5 min) , localization of the peroxidase conjugates was achieved by using diaminobenizidine tetrahydrochloride as a chromagen for 1-3 min. Sections were rinsed in tap water for 5 min to stop the reaction and then counterstained in Mayer's hematoxylin, in Scott's tap water, dehydrated, cleared, and mounted in DPX. Sections incubated with 1:10 normal swine serum, instead of the primary antiserum, served as the negative controls (14) .
Quantitation of E-cadherin and vimentin expression. The extent of immunostaining of E-cadherin or vimentin was quantified by computer-assisted image analysis, as previously reported (18, 19) . Briefly, 10 random nonoverlapping fields in the cortex area from 6 rats per group were captured and digitized with a BX50 microscope attached to a Fujix HC5000 digital camera. Digital images were then loaded onto a Pentium III IBM computer. An area of brown on immunostained sections (E-cadherin or vimentin) was selected for its color ranges, and the proportional area of tissue with their respective ranges of color was then quantified. Calculation of the proportional area stained brown (E-cadherin or vimentin) was then determined by image analysis (AIS, Analytical imaging Station version 6.0).
Statistical analysis. All results are expressed as a percentage of the control value, with the exception of real-time RT-PCR results, which are expressed as a fold change compared with the control value. Each experiment was performed independently a minimum of three times. Results are expressed as means Ϯ SE. Statistical comparisons between groups were made by analysis of variance (ANOVA), with pairwise multiple comparisons made by Fisher's protected least significant difference test. Analyses were performed with the software package Statview version 4.5 (Abacus Concepts, Berkley, CA). P values Ͻ0.05 were considered significant.
RESULTS
EMT markers in diabetic transgenic (mRen2)27 rats. At 4 wk after induction of diabetes, E-cadherin immunostaining in the proximal tubule cells of diabetic Ren-2 rats was reduced compared with controls ( Fig. 1, A and B) , while vimentin immunostaining was increased at the same time point (Fig. 1,  C and D) . The percentage of total surface area that stained positive for E-cadherin was 4.1 Ϯ 0.53% in the diabetic Ren-2 rats versus 13.42 Ϯ 1.1% in control rats (Fig. 1E) , while the percentage of total surface area that stained positive for vimentin was 0.91 Ϯ 0.08% in control rats versus 1.56 Ϯ 0.22% in diabetic Ren-2 rats (Fig. 1F) , suggesting that the proximal tubule cells had begun to lose their epithelial phenotype and begin to express myofibroblastic markers. 
KLF6 expression in diabetic conditions in vitro and in vivo.
KLF6 was measured in cells exposed to high (30 mM) glucose and in kidneys of STZ-induced diabetic Ren-2 rats. The role of high glucose in inducing KLF6 is confirmed in Fig. 2 , where exposure of HK-2 cells to 30 mmol/l D-glucose for 11 days increased KLF6 mRNA by 1.47-fold (P Ͻ 0.0005) compared with 5 mmol/l D-glucose and 30 mmol/l L-glucose. KLF6 was detected in the tubules of diabetic Ren-2 rats at week 4, while only weak staining was observed in control animals (Fig. 3A) , the number of KLF6-positive cells increasing from 198 Ϯ 20% to 380 Ϯ 60% proportional area of staining (Fig. 3B) .
High-glucose-induced KLF6 expression is mediated by TGF-␤1. To determine whether KLF-6 expression induced by high glucose is mediated by TGF-␤1 in HK-2 cells, KLF6 mRNA was measured in cells exposed to high glucose for 72 h where TGF-␤1 was effectively silenced. KLF6 mRNA expression was reduced to 65 Ϯ 5.0% of control (P Ͻ 0.0005) (Fig. 4A) . siRNA can only be effective up to 72 h; hence TGF-␤ neutralizing antibody was also used in the study of 11 days. KLF6 mRNA expression was measured in HK-2 cells exposed to high glucose and treated with either 3.0 g/ml of TGF-␤ neutralizing antibody or normal rabbit IgG (control) for 11 days. Medium was refreshed every 48 h. Treatment with high glucose alone increased KLF6 mRNA expression by 1.68 Ϯ 0.13-fold (P Ͻ 0.005), whereas treatment with high glucose and TGF-␤ neutralizing antibody resulted in a 1.05 Ϯ 0.23-fold increase (P Ͻ 0.05 vs. IgG ϩ high glucose) (Fig. 4B) .
High-glucose-induced KLF6 expression remains elevated at 11 days in vitro. An 11-day time course study was conducted to measure the induction of TGF-␤1 and KLF6 in response to high glucose. The induction of KLF6 was of a magnitude and a temporal pattern similar to those of TGF-␤1 up to 72 h, at which point KLF6 mRNA expression continued to rise to 1.74 Ϯ 0.15-fold compared with normal glucose (control) (P Ͻ 0.005) whereas TGF-␤1 mRNA expression had returned to pretreatment levels of 0.91 Ϯ 0.11-fold compared with normal glucose (control) (P ϭ not significant) (Fig. 5) . These data suggest that KLF6 and TGF-␤1 may have functionally distinct roles at different time points along the temporal sequence in high-glucose-mediated cell injury.
TGF-␤1 induces EMT and KLF6 in HK-2 cells. TGF-␤1 has long been recognized as a potent inducer of EMT in HK-2 cells (8, 33) . The levels of E-cadherin and vimentin mRNA expression were measured at 72 h in response to 0.5 ng/ml TGF-␤1. The reduction in E-cadherin mRNA expression in response to TGF-␤1 was accompanied by an increase in vimentin mRNA expression in preliminary experiments, confirming that these cells underwent EMT in response to TGF-␤1 (data not shown). KLF6 expression was found to increase almost threefold (P Ͻ 0.05) with exposure to 0.5 ng/ml TGF-␤1 for 72 h by real-time RT-PCR (Fig. 6 ). KLF6-SV1 was also measured with real-time RT-PCR; however, no PCR product was amplified.
EMT markers in KLF6-overexpressing or -silenced HK-2 cells. KLF6 plasmid transfection in HK-2 cells resulted in markedly increased KLF6 mRNA expression at 72 h; a representative RT-PCR gel is shown in Fig. 7A . E-cadherin mRNA expression was reduced to 25.85 Ϯ 5.84% of control (P Ͻ 0.005) in cells transfected with KLF6 plasmid (Fig. 7B) , whereas vimentin mRNA expression was increased to 254.41 Ϯ 59.67% of control (P Ͻ 0.05) (Fig. 7C ). E-cadherin mRNA expression was also reduced to 54.40 Ϯ 20% of control (P Ͻ 0.05) after exposure to 0.5 ng/ml TGF-␤1 for 72 h. In addition, a trend in which E-cadherin mRNA expression was further decreased in HK-2 cells containing KLF6 plasmid exposed to 0.5 ng/ml TGF-␤1 for 72 h compared with TGF-␤1-treated control (43.22 Ϯ 18%) was observed, although this did not reach statistical significance (Fig. 8A) . Vimentin mRNA expression increased significantly in cells transfected with KLF6 plasmid after exposure to 0.5 ng/ml TGF-␤1 for 72 h compared with both nontreated and treated controls [342.05 Ϯ 90% (P Ͻ 0.05) and 122.35 Ϯ 7% (P Ͻ 0.05) respectively] (Fig. 8B) .
KLF6 siRNA transfection in HK-2 cells resulted in markedly reduced KLF6 mRNA expression at 72 h; a representative RT-PCR gel is shown in Fig. 9A . E-cadherin expression was increased to 225.5 Ϯ 44.12% of control (P Ͻ 0.05) in cells transfected with KLF6 siRNA (Fig. 9B) , whereas vimentin mRNA expression was reduced to 66.52 Ϯ 01.25% of control (P Ͻ 0.005) (Fig. 9C) . Together, these data would suggest that while KLF6 gene silencing appears to support the maintenance of an epithelial cell phenotype in basal conditions in vitro, increased KLF6 gene expression is associated with EMT in basal conditions in vitro. /ml) ; IgG, normal rabbit IgG (30 g/ml) .
DISCUSSION
The findings in this report confirm that expression of the transcription factor KLF6 is increased under diabetic conditions in vivo and in vitro and after exposure to TGF-␤1. High glucose (25) and TGF-␤1 (23, 26) are both known to increase intracellular reactive oxygen species (ROS) in the kidney and contribute to the development and progression of interstitial fibrosis through mechanisms such as EMT (10) . Indeed, TGF-␤1 has long been recognized as a pivotal driver of EMT both in vivo and in vitro (25, 36) . In the diabetic Ren-2 rat, a model that develops progressive renal injury with tubulointerstitial fibrosis, we have demonstrated increased immunostaining of total KLF6 in the tubules, suggesting that upregulation of KLF6 is a precursor to EMT occurring in PTCs. In addition to the upregulation of KLF6 in these conditions, we have demonstrated that overexpression of KLF6 promotes the development of EMT in HK-2 cells exposed to TGF-␤1, whereas the silencing of KLF6 appears to maintain an epithelial phenotype, through an increase in E-cadherin expression. Although this might suggest that the HK-2 cells used were not fully "epithelial" to begin with, we attempted to ensure minimal heterogeneity by using only early-passage (passages 1-2) cells for all our experiments. While it is acknowledged that different HK-2 cells in the same culture may show marked heterogeneity in epithelial versus mesenchymal characteristics, nevertheless the ability of KLF6 silencing to increase Ecadherin expression (and reduce vimentin expression) is noteworthy and affirms its role in EMT.
KLF6 is known to be a transactivator of the TGF-␤1 promoter (15), and Starkel et al. (31) previously demonstrated a temporal link between oxidative stress, KLF6, and TGF-␤1 in the induction of hepatic fibrosis. The similarities with renal fibrosis, in particular diabetic nephropathy, where the generation of ROS is a key pathogenic feature, are striking. We found significantly increased levels of KLF6 expression in the tubules of the diabetic Ren-2 rat at 4 wk. At the same time, the proximal tubule cells of these animals were demonstrating early phenotypic features of EMT, namely, a reduction in E-cadherin expression and an increase in expression of the intermediate filament vimentin.
Similarly in vitro, exposure to high glucose led to an increase in KLF6 expression in HK-2 cells, and we have demonstrated that this increase in KLF6 expression was mediated by TGF-␤1. HK-2 cells overexpressing KLF6 demonstrated reduced expression of epithelial cell phenotypic characteristics, and this loss of epithelial cell phenotype was more dramatic when cells were treated with TGF-␤1. In addition, this reduction in the expression of E-cadherin in HK-2 cells overexpressing KLF6 was associated with increased vimentin expression, which increased further after treatment with TGF-␤1. In contrast, E-cadherin expression was increased in HK-2 cells in which KLF6 was silenced. Together, these data suggest that total KLF6 expression is increased in conditions known to cause EMT, and its overexpression promotes the development of EMT in HK-2 cells exposed to TGF-␤1.
The fact that KLF6 should be increased in conditions known to cause EMT is not surprising; in its well-defined role as a tumor suppressor it acts by promoting cell cycle arrest in response to cellular stress (23) . Within the cancer setting, the role of the KLF6-antagonistic splice variant KLF6-SV1 has been well defined in several epithelial cell cancer lines (5, 7, 21, 22) . These splice variants are capable of acting as dominant-negative proteins that antagonize full-length KLF6, and thus the net ratio between KLF6 and the splice variants determines the net biological effect. While the ratio of KLF6 to KLF6-SV1 may be important in the context of EMT, we note that in recent studies only the net effects of total KLF6 have been reported (1, 2, 4, 30) . Because a specific antibody against KLF6-SV1 is not commercially available, we attempted to identify it with RT-PCR using the published primer sequences for KLF6-SV1 (7); however, we were unable to identify any PCR product for KLF6-SV1. So while the net effect of total KLF6 appears to be associated with EMT in proximal tubule cells, the question of the precise role of the antagonistic splice variants of KLF6 (and their therapeutic potential) in EMT remains unanswered. A functional role for KLF6 in regulating renal cell differentiation and a propensity for fibrosis having been determined, future studies will be required to assess the consequences of splice variants in renal epithelial cells as opposed to cancer.
Although initially thought to be constitutively expressed in a diverse array of tissues, KLF6 has more recently been shown to be an inducible gene with characteristics resembling an immediate-early gene. In a model of early hepatic fibrosis, KLF6 expression and biosynthesis was noted to be increased in activated rat stellate cells in vivo compared with cells from normal rats (28) . The transactivation of the collagen ␣-1(I) promoter, a key driver of fibrogenesis, by KLF6 was found to be context specific, with stronger transactivation occurring in activated stellate cells compared with HepG2 cells and not at all in Drosophila Schneider cells; in other words, transactivation was most active in the cell type that expresses matrix genes in vivo. Similarly, we found that KLF6 protein was markedly upregulated in the epithelial cells of the proximal tubule segments of the diabetic Ren-2 rat, whereas the glomeruli were essentially devoid of staining. Via the process of EMT, these proximal tubule cells become significant contributors to the process of interstitial fibrosis. In a model of vascular endothelial injury, increased KLF6 expression upregulated uPA activity, which in turn led to increased levels of bioactive TGF-␤1 as a result of uPA's ability to proteolytically activate the latent molecule, thus providing another mechanism through which TGF-␤1 activity is augmented by KLF6 (16) . Finally, in the kidney Tarabishi et al. (32) identified KLF6 as one of seven genes whose expression is upregulated Ͼ10-fold within the first few hours of ischemia-reperfusion injury in mice. The expression of TGF-␤1 mRNA and protein was found to follow a similar pattern to that of KLF6 both in vivo and in vitro. When KLF6 was downregulated with antisense oligonucleotides in vitro the induction of TGF-␤1 in response to ATP depletion was essentially abrogated, suggesting that the upregulation of TGF-␤1 was largely dependent on KLF6. The apoptotic response to ATP depletion was also blunted in cells incubated with antisense KLF6 primers compared with controls. In our studies, we also found that the expression of TGF-␤1 mRNA followed a pattern similar to that of KLF6 in vitro up to 72 h. Thereafter, expression of KLF6 continued to rise up to the 11-day time point, whereas TGF-␤1 levels returned to normal. This has interesting parallels with the observations made by Tarabishi et al. (32) in their ischemiareperfusion injury model. In that study the investigators noted that KLF6 remained significantly induced at later time points after ischemic injury and postulated that KLF6 and its target factors like TGF-␤1 may have functionally distinct roles at different time points within the same cellular model of injury. So whereas in the early phase KLF6 and its targets may contribute to cell injury, at a later time point these same factors may play a role in cellular repair/regeneration.
In summary, these studies have demonstrated for the first time that KLF6 expression is increased in conditions known to promote kidney injury and fibrosis, specifically EMT, in an animal model of progressive diabetic nephropathy. In addition, the overexpression of KLF6 promoted EMT in HK-2 cells. Given the important role that EMT plays in the development and progression of interstitial fibrosis, the identification of KLF6 as a key regulator of TGF-␤1-induced EMT represents an important finding. Further studies may confirm it as a potentially useful target for therapeutic intervention in an attempt to limit EMT and with it the decline in renal function seen in patients with CKD.
